Abstract: A hybrid plasmonic waveguide is considered as one of the most promising architectures for long-range subwavelength guiding. The objective of this paper is to present a theoretical analysis of plasmonic guided modes in a symmetric conductor-gap-dielectric (SCGD) system. It consists of a thin metal conductor symmetrically sandwiched by two-layer dielectrics with low-index nanoscale gaps inside. The SCGD waveguide can support ultralong range surface plasmon-polariton mode when the thickness of a low-index gap is smaller than a cutoff gap thickness. For relatively high index contrast ratios of the cladding to gap layers, the cutoff gap thickness is only a few nanometers, within which the electric field of the guided SCGD mode is tightly confined. The dispersion equations and approximate analytical expressions of the cutoff gap thickness are derived in order to characterize the properties of the guided mode. Our simulation results show that the cutoff gap thickness can be tailored by the metal film thickness and the indices of the cladding and gap materials. The geometrical scheme for lateral confinement is also presented. Such a structure with unique features of low-loss and strong confinement has applications in the fabrication of active and passive plasmonic devices.
Introduction
Beyond the diffraction limit, plasmonic waveguides that enable the conversion of light into surface plasmon-polaritons (SPPs) on the sub-wavelength scale have recently attracted considerable attention [1] - [5] . They are promising candidates for developing the next generation of ultra-compact integrated devices that have the advantages of both large operational bandwidth of photonics and true nanometer-scale modal confinement, which paves the way to a future integration of highcapacity photonic and electronic devices at a scale comparable to electronics [6] . Although the fundamental metal-dielectric interface supports guided SPP modes, it suffers from high propagation loss due to the intrinsic ohmic loss in metal [7] . Dielectric-Metal-Dielectric (DMD) [8] , [9] and Metal-Dielectric-Metal (MDM) [10] , [11] waveguide structures have been proposed; unfortunately, the improvement in propagation loss in the DMD structure comes at the price of the modal field confinement and vice versa in the MDM structure. Simultaneous improvement in propagation loss and modal confinement has been obtained in a dielectric-loaded SPP waveguide [12] and a symmetric dielectric-loaded SPP waveguide [13] .
Recently, a new kind of hybrid plasmonic waveguides [14] - [23] have gained consideration as one of the most promising plasmonic structures as they can support hybrid plasmonic modes that have extremely strong field confinement within a nanometer scale gap while maintaining a relatively long propagation distance. In a hybrid plasmonic waveguide [14] - [16] , a high-index dielectric cylindrical nanowire is embedded in a low-index dielectric and separated from a conductor by a gap of a few nanometers. Such a hybrid plasmonic mode can be analyzed as the hybridization and coupling of a SPP mode to a cylindrical dielectric mode. Symmetric hybrid SPP waveguide structures with two high-index nanowires [21] and rectangular slabs [22] have been proposed to further improve the propagation distance and the field confinement of the guided SPP modes. On the other hand, Avrutsky et al. [19] theoretically analyzed the guided modes in a conductor-gap-dielectric (CGD) system that consists of a low-index gap sandwiched by a conductor and a high-index dielectric layer. The authors explained why the low-index gap has to be nanoscale and that the role of the exact geometry of the high-index part in [14] - [16] is for lateral confinement, rather than hybridization and coupling of a SPP to a mode of cylinder.
In this paper, we present a theoretical analysis of the guided SPP modes of a symmetric conductorgap-dielectric system (SCGD) that is constructed with a conductor metal strip sandwiched symmetrically with a low-index gap and high-index cladding layer on both sides. Dispersion equations are derived to solve for the effective index and the propagation loss of the guided modes in the SCGD system. The analytical expression of the cutoff condition for the existence of the SCGD modes is obtained. Unlike in a CGD system, where the cutoff gap thickness is fixed [19] , we show that in a SCGD system the cutoff thickness of the low-index gap varies with both the thickness of metal film and the index contrast ratio of the cladding layer to the gap layer. It is clear from our analytical expressions that the index contrast ratio of the gap/cladding layers plays very important role in the determination of the cutoff gap thickness. To the best of our knowledge, this is the first report on the theoretical analysis of the guided mode of the SCGD system based on the analytical results.
Note that the guided modes in such a structure have been characterized by another approach [23] based on the reflection pole method for relatively low index contrast ratio. Our study is focused on the SCGD structure with high-index-contrast ratio, which enables an extremely strong field confinement within a nano-scale low-index gap, making it an excellent plasmonic waveguide for fabricating active and passive plasmonic devices, such as surface-plasmon nano-lasers [24] , and all-optical switchers using nonlinear effects [25] .
Theory of Guided Modes in a Symmetric
Conductor-Gap-Dielectric System Fig. 1 shows the schematic diagram of the SCGD plasmonic waveguide structure. The center conductor layer is sandwiched between two low-index dielectric gaps that are embedded in semiinfinite high-index dielectric cladding. The conductor thin film has a thickness of d and permittivity of " m . Each low-index gap has a thickness of t and refractive index of n g . The refractive index of the high-index cladding layers is denoted as n d . We assume both the low-index and high-index dielectric layers are lossless. The SCGD waveguide architecture is a modified DMD structure with the insertion of two low-index dielectric gap layers inside. For the special case without the gap layers, i.e., t ¼ 0, it becomes a typical DMD waveguide which can support two plasmonic modesVthe short-range SPP (SRSPP) mode and the long-range SPP (LRSPP) [26] . The transverse electric field of the SRSPP mode is anti-symmetric with respect to the center metal film layer and that of LRSPP is symmetric. For a thick metal film, the two modes are degenerated. For a thin metal film, with decrease of the metal thickness, the propagation loss of the SRSPP increases, rapidly leading to the cutoff of the mode while that of the LRSPP decreases, giving rise to a long-range propagation distance.
With the insertion of the gap layers, due to the large index contrast ratio of the cladding layer to gap layer, the guided mode in the SCGD system, referred to as the SCGD mode, is strongly confined in the gap layers with reduced propagation loss if the gap thickness is sufficiently narrow. The largest gap thickness for which SCGD mode can propagate is called cutoff gap thickness, i.e., the SCGD mode occurs only if the gap thickness is smaller than the cutoff gap thickness, as will be elaborated theoretically as follows.
Here, we are studying a one-dimension model in which there is no dependence on the lateral dimension y . The wave propagates in the z-direction. The SCGD waveguide only supports transverse magnetic (TM) modes, where the non-zero field components are H y , E x , and E z . By assuming all fields on a time-harmonic form, for the SPP propagation in the z direction, the wave equations for H can be simplified to Helmholtz's equation, given by
where is the propagation constant of the guided mode, " r stands for the relative permittivity of the media (i.e., the gap, cladding or metal film), k o ¼ 2= is the wave vector of the propagating wave, and is the wavelength in vacuum. Note that the media considered here are homogeneous, nonmagnetic and isotropic. Equation (1) is a partial differential equation, from which a corresponding function of the solution H y is constructed for different media. The electric fields in tangent and normal directions can be obtained from H y by using the following relation:
At the interior interfaces the boundary conditions must be fulfilled, i.e., the tangent components of the electric and magnetic fields E z and H y , and the normal component of the electric displacement field D x are continuous. With the appropriate boundary conditions, we can find the following dispersion equations for the SCGD system:
with r ¼ e
and
The relative permittivities are related to the refractive indices by
g . Equation (3) can also be split into a pair of equations, namely,
For the special case without the low-index gap layers, Eqs. (3), (6a), and (6b) for dispersion relation can be, respectively simplified as
Equations (7)-(8b) are in perfect agreement with the dispersion equations for typical DMD structure [27] , [28] , which confirms the validity of Eqs. (3) and (6) . Note that Eq. (8a), equivalent to Eq. (7) with positive sign is for the LRSPP mode while Eq. (8b), equivalent to Eq. (7) with negative sign is for the SRSPP mode, which is not of present concern in general due to its high propagation loss. For the same reason, Eq. (6b) or Eq. (3) with negative sign is not discussed here for the SCGD structure. This paper is only focused on the guided mode with relatively long propagation distances, which is governed by Eq. (6a) or Eq. (3) with positive sign.
To understand how to form the guided mode in the SCGD structureVD high =D low =Metal/D low = D high , we first consider the special case when the gap thickness t ¼ 0. As previously mentioned, this waveguide becomes the traditional DMD structure that is formed by a thin metal strip embedded in high-index cladding layersVD high =Metal/D high . The modal index of the D high =Metal/D high system determined by Eq. (8a) is larger than the index of the cladding layer. The thicker the metal film, the greater is the modal index and the larger is the propagation loss. When introducing symmetric thin dielectric low-index gap layers, the modal index and the propagation loss of the SCGD system start to decrease. When increasing the thickness of the gap, the modal index and propagation loss continue to decrease until the gap reaches a maximum thickness where the real part of the modal index is equal to the index of the cladding layer and the propagation loss reaches its minimum. Beyond the maximum gap thickness, the mode shows substantial leakage into the high-index cladding layer, which is not the subject of this paper. This represents a cutoff condition for the guided SCGD mode, and this maximum gap thickness is referred as the cutoff gap thickness.
The cutoff gap thickness t max can be numerically solved from the transcendental dispersion equationVEq. (6a). On the other hand, it would be convenient and meaningful for waveguide designers to be able to find a reliable estimate of t max without resort to complicated numerical calculations. By setting the modal index equal to the index of the cladding layer and assuming zero propagation loss for the guided mode (which is very reasonable due to the minimum propagation loss at the cutoff condition), an approximate analytical expression for the cutoff gap thickness can be written as
. Since both k m and " m are complex numbers, t max is also complex. The arctanh function for complex arguments has branch cuts ðÀ1; À1Þ and (1, 1). Due to the small metal thickness, the value of ðÀðk m " g =k g " m Þtanhðk m d =2ÞÞ is quite small. As a result, the value of arctanh(z) is very close to the linear term in the expansion about z ¼ 0. We take the real part of t max for the cutoff thickness and the imaginary part is related to the propagation loss. The smaller the imaginary part, the more accurate is the estimated t max since the approximate expression of the cutoff thickness in Eq. (9) is obtained under the assumption of zero propagation loss.
It is clear from Eq. (9) that for the SCGD mode, the cutoff gap thickness is a function of the metal film thickness, the index of the gap and cladding layer, the permittivity of the metal film, as well as the wavelength of the propagation wave. The thinner the metal film, the smaller is the cutoff gap thickness; the higher the index contrast ratio of n d to n g , the thinner is the allowed low-index gap. This can be clearly seen from the following equation, further simplified from Eq. (9) when considering the thickness of the metal film d is very small
For example, if the metal thickness is 30 nm, and the index contrast ratio n d =n g , is 1.5, then from Eq. (10) the estimate of the cutoff gap thickness t max is 12 nm; if the contrast index ratio is increased to 2.39 (when using Si/SiO 2 as cladding/gap materials for a wavelength of 1550 nm), then the allowable t max is reduced to 3.2 nm. From Eq. (10), it is also clear that t max is proportional to the metal thickness. Therefore, the cutoff gap thickness can be tailored by the index contrast ratio and the metal thickness.
So far, the situation we considered is for relatively high index contrast ratio, where there is a cutoff gap thickness t max in the nanoscale range for the existence of a guided SCGD mode. If we decrease the contrast index ratio, for example, by fixing n g while decreasing n d , then the cutoff thickness will increase. It would be interesting to know how small the cladding index n d can be reduced, while the SCGD mode can still exist. This, in fact, is the extreme case where t max ! 1. By using this condition, Eq. (6a) can be simplified as
Equation (11) is the dispersion equation for a DMD structure. Thus, at t max ! 1, the modal index of the SCGD structure is actually the modal index for a gap/conduct/gap structure, determined by Eq. (11) . Recall that to derive the approximate analytical expression for the cut off condition of the SCGD mode, the modal index is set equal to the cladding index n d . Therefore, to have guided SCGD mode, the cladding index n d has to be larger than the modal index of the gap/conductor/gap structure based on Eq. (11), which depends on the metal thickness. This conclusion is in agreement with Eq. (1) in ref. [23] . Also, note that if fixing the cladding index, then the metal film has to be thinner than a thickness determined by Eq. (11) in order to ensure the SCGD mode to exist.
Numerical Results and Discussion
In the following numerical calculation, the wavelength is set to be 1550 nm. In the SCGD structure, Silver (Ag) and Gold (Au) are chosen for comparison. Their permittivities are " Ag ¼ À129 þ 3:3j and " Au ¼ À115:11 þ 11:103j [29] . To investigate the effect of the index contrast ratio n d =n g on the cutoff gap thickness, we use three different combinations of the cladding/gap materialsVGe/Si, CdS/MgF 2 and Si/SiO 2 . The refractive indices of Ge, Si, CdS, MgF 2 , and SiO 2 at the operating wavelength are 4.275, 3.455, 2.3, 1.37, and 1.445, respectively, giving rise to the index contrast ratios of 1.24, 1.68, and 2.39 for the combinations Ge/Si, CdS/MgF 2 , and Si/SiO 2 , respectively. By numerically solving Eq. (6a), we can obtain the propagation constant to be a complex number. The real and imaginary part determine the modal index ðn eff ¼ Reð=k o ÞÞ and the propagation distance ðL ¼ 1=Imð2ÞÞ, respectively. The propagation distance is defined as a distance at which the mode power attenuates to 1=e. The use of silver film results in an improved propagation distance as the ohmic loss of the silver is smaller than that of gold. With increasing the gap thickness, the modal index decreases and the propagation distance increases. With further increase of the gap thickness, all curves for the modal index converge at a horizontal asymptoteVthe index of the cladding layer, where the cutoff gap thickness is reached, and the propagation distance (or propagation loss) becomes maximal (or minimal).
The cutoff gap thickness varies with the metal film thickness. Decreasing the metal thickness gives rise to a smaller cutoff thickness and a longer propagation distance. This is because with a thinner metal film, at zero gap the modal index is only slightly above the cladding index, which suggests that only a thin low-index gap is required to bring the modal index down to the cladding index. Due to the intrinsic ohmic loss of the conductor material, a thinner conductor will have a smaller overlap with the SCGD mode, resulting in a longer propagation distance. Note that the simulation results based on our analytical expression are in agreement with those in ref. [23] which is based on a different approach, as well as verified by using the finite-element based software COMSOL Multiphysics 4.3b [30] .
For the same metal thickness, the choice of the cladding/gap material greatly influences the cutoff gap thickness. For example, the cutoff gap thickness is only in the range of a few nanometers for Si/SiO 2 ðn d =n g ¼ 2:39Þ, while that is in a few tens of nanometers range for Ge/Si ðn d =n g ¼ 1:24Þ.
In order to see clearly how the cutoff gap thickness is controlled by the index contrast ratio of the cladding/gap layers, we plot in Fig. 3 the cutoff gap thickness as a function of metal thickness for three different cladding/gap materials. The solid line illustrates the numerical solution of the dispersion equation Eq. (6a) and the dash line corresponds to the results based on the approximate analytical expression Eq. (9) of the cutoff gap thickness. Silver and gold are used in Fig. 3(a) and (b), respectively. Note that Fig. 3(a) and (b) are very similar, since at cutoff condition the mode overlap with the metal is very small, the particular metal used becomes fairly irrelevant. Again from Fig. 3 we can see that a large index contrast ratio leads to a smaller cutoff gap thickness, and with increasing metal thickness, the cutoff gap thickness increases. For silver film, the difference between the exact and the approximate results is almost unnoticeable compared with that for gold film. This is because the analytical expression of the cutoff gap thickness is based on the assumption of zero propagation loss for the guided mode. As the propagation loss of the guided mode is attributed to the intrinsic ohmic loss of the metal film, and since the ohmic loss in silver is smaller than that in gold, it is not surprising that the analytical expression of the cutoff gap thickness is more accurate for the silver film than that for gold film.
On the whole, the result from the approximate analytical expression agrees reasonably well with the one from the numerical calculation of the dispersion equation. In particular, for high-index contrast ratios of 1.68, and 2.39 (with CdS/MgF 2 and Si/SiO 2 serving as the cladding/gap materials), the curves based on two different approaches almost overlap. For Ge/Si as cladding/gap material with a relatively low index contrast ratio of 1.22, the approximate expression works well only when the metal thickness is less than 30 nm for silver and 15 nm for gold. Based on the simulation results above, the analytical expression for cutoff gap thickness in Eq. (9) is a practical estimate for the design of the SCGD waveguide when employing cladding/gap materials with a large index contrast ratio.
The simplified expression for the cutoff gap thickness in Eq. (10) is also evaluated. In Fig. 4 we plot the cutoff gap thickness by using the dispersion equation Eq. (6a) in solid black, the analytical expression Eq. (9) in dotted blue and the simplified expression Eq. (10) in solid red color, respectively. As expected, the results from the very simple formula Eq. (10) match reasonably well for small metal film thickness with relatively large index contrast ratio. Thus, Eq. (10) could serve as a rough estimate at the beginning of the SCGD waveguide design.
It is worthy of note that strong modal confinement can be achieved within the nanometer-scale gap layers. This is because at the interfaces of the cladding/gap layer and the gap/metal layer, the normal component of displacement field D x is continuous. As a result, a high index contrast ratio of the cladding layer to the gap layer leads to a great enhancement in the normal electric field E x in the gap layer by a factor of ðn d =n g Þ 2 times. For example, with using Si/SiO 2 for cladding/gap materials, the normal component of the electric field E x has its largest amplitude within a few nanometers' SiO 2 gap while the electric field E x in the cladding Si layer at the Si/SiO 2 boundary dramatically drops to ðn g =n d Þ 2 ¼ 17:5% of that in the SiO 2 gap. It is also noted from Fig. 2(b) that at a special case with zero gap thickness (i.e., typical D high = Metal=D high structure) the modal index is largest while the propagation distance is shortest. The propagation distance can be significantly enhanced in a SCGD structure by symmetrically inserting the low-index gap layers. Thus, an ultra-long range SPP mode can be supported in the SCGD structure. However, the rate of exponential decay within the cladding layer decreases.
Lateral Confinement
Confining the SCGD mode laterally is an important factor that needs to be considered when designing SCGD waveguides. Although a one-dimensional SCGD waveguide structure is primarily investigated here, the characteristics of the SCGD mode can be implemented in a two-dimensional SPP waveguide with proper geometrical design. This could be achieved by using the strategies in integrated optics for reducing a mode size in the lateral cross section by having a core index significantly larger than its surrounding index. Fig. 5(a) illustrates the proposed two-dimensional plasmonic waveguide structure for lateral confinement and the electric field distribution for the structure, and Fig. 5(b) shows the absolute value of the electric field E ðx ; 0Þ of the guided SCGD mode, which is obtained by using the commercial software package COMSOL Multiphysics. The core structure of the proposed scheme is exactly the same as the SCGD structure, with the width of the high-index Ge cladding layers limited to 500 nm, while the surrounding area is a typical DMD structure formed by a metal strip sandwiched by low-index SiO 2 layers. The metal film is 40 nm thick, and the thickness of the lowindex SiO 2 layer is 10 nm, which is less than the cutoff gap thickness. From Fig. 5 , we can clearly see that lateral confinement is achieved. This is attributed to the fact that the effective index for the SCGD mode at the core is larger than that for the SPP mode at the surrounding region with D low =M/D low structure. One can also see that the maximum electric field intensity is well concentrated within the sub-wavelength low index gap, with thickness about 0:0065, and decays exponentially away into the cladding regions. It is worthy of note that the lateral confinement can also be achieved by continuously varying the low-index gap thickness, for example, by changing the geometry of the high index layer to cylindrical shape [15] , [19] , in which the guided SCGD mode is only supported in the region where the thickness of the gap is smaller than the cutoff gap thickness. Nevertheless, planar geometry is always preferable in order to be compatible with planar fabrication techniques such as silicon-on-insulator (SOI) and CMOS.
Conclusion
In this paper, we have theoretically analyzed the guided mode in a symmetric conductor gap dielectric (SCGD) plasmonic waveguide. The condition for the existence of the SCGD mode is that the low-index gap thickness must be smaller than a cutoff gap thickness. The dispersion equation and analytical expressions of the cutoff gap thickness are derived, from which the SCGD mode can be characterized numerically. The presence of the low-index gap layers between the metal strip and high-index cladding layers has fundamentally changed the modal behavior. The propagation distance of the guided SCGD mode is considerably increased in comparison with that of the typical DMD mode. In the case of a large index-contrast ratio of the cladding/gap layers, the transverse electric field of the SCGD mode is tightly confined within the nanoscale gap layer while dropping sharply at the interface of the gap and high-index cladding layer. The lateral confinement of the SCGD mode is also discussed. The SCGD plasmonic waveguide has potential applications in surface-plasmon nano-lasers and plasmonic sensors. The theoretical analysis presented shall be useful for designing ultra-long range SCGD waveguides or symmetric hybrid plasmonic waveguides with superior field confinement.
